SUMMARY A patient with post-hypoxic myoclonus, sensitive to therapy with 5-hydroxytryptophan and clonazepam, was subjected to detailed electrophysiological investigation. Brief generalised jerks followed the critical stimulus of muscle stretch. The electroencephalogram showed generalised spikes that were associated with, but not time locked to, the myoclonus. The cranial nerve nuclei were activated upward. Analysis of the findings suggests that the mechanism of the myoclonus is hyperactivity of a reflex mediated in the reticular formation of the medulla oblongata.
Myoclonus is a complicated and ill-understood phenomenon associated with a variety of electrophysiological abnormalities (Halliday, 1967) and caused by many pathological conditions (Marsden and Parkes, 1973) . No one pathophysiological mechanism can account for all the types ofmyoclonus seen in clinical practice. In some patients the myoclonic jerks occur spontaneously while the subject is at rest. In others they appear only on action and in such patients myoclonic jerks may be triggered by sensory stimuli. Such reflex myoclonus is seen in response to visual or auditory stimuli. Occasionally a tendon tap will elicit a myoclonic response, in which case the critical stimulus may be muscle stretch, a joint movement, or cutaneous stimulation. In one particularly well-studied case under the care of Dr A. Carmichael at the National Hospital, Queen Square, careful clinical observation by Dr Alan Norton established the critical stimulus to be muscle stretch. This patient was found to have giant cortical potentials evoked by electrical stimulation of peripheral nerves (Dawson, 1947) , stimuli which also caused myoclonic jerks.
Recently, Sutton and Mayer (1974) have described of the right fingers and hand, and to a lesser extent the right face, jaw, tongue, and foot. The onset was acute at the age of 66 years and was associated initially with a mild right hemiparesis and hemisensory loss, as well as speech disturbance and hemianopia. When studied seven years after the onset, it was noted that the myoclonic jerks of the right limbs increased on voluntary action and were precipitated by eliciting tendon jerks. Electrophysiological investigation revealed that stimulation of the median nerve at the wrist or the posterior tibial nerve at the ankle evoked a late myoclonic jerk (termed C reflex in the original paper). The latency recorded from the thenar muscles from stimulating the median nerve at the wrist was some 51 ms. When the response was recorded in plantar muscles after stimulating the posterior tibial nerve at the ankle, the latency was some 103 ms. The stimulus at either site evoked abnormal large somatosensory cortical potentials recorded from the opposite hemisphere. The authors concluded that this reflexly evoked myoclonic jerk occurred after an interval sufficient to allow passage of afferent impulses to the cerebral cortex and efferent impulses from cortex down the corticospinal tract to motoneurones. In a subsequent article, Sutton (1975) analysed the critical stimulus required to elicit reflex myoclonus in this patient. Touch or pressure, in the absence of movement, was an adequate stimulus, whereas muscle stretch by itself was not, in keeping with the observation that reflex myoclonus could be induced as easily by stimulation of the digital nerves as by stimulation of the median nerve at the wrist. The case described by Carmichael and Dawson is 253 similar to that described by Sutton and Mayer in that both showed reflex myoclonus in response to a tendon tap or to mixed nerve stimulation, and both had giant cortical potentials evoked by the latter stimulus. The two cases differ in that the critical stimulus in the first case was stretch of muscle while in the latter it was touch or pressure.
In the present study, we have investigated a patient with post-anoxic reflex myoclonus in whom the critical stimulus would appear to be stretch or movement, rather than touch or pressure, and in whom cortical evoked potentials were not abnormally large.
Case history A 55 year old man, resident in Bermuda for 20 years, but originating from Great Britain, had been asthmatic for 15 years. He had sustained a period of respiratory and cardiac arrest during an attack of asthma six months previously. After this he was unconscious for two weeks before his level of consciousness gradually improved. However, as he improved, it was noticed that all four limbs were rigid and akinetic, and that there were continuous involuntary movements affecting all four limbs, head, and trunk. His involuntary movements had persisted despite treatment with phenobarbitone and diphenylhydantoin and during the six months between the initial period of anoxia and investigation he had had two generalised convulsions.
On examination he was alert but disorientated in time and space. Spontaneous speech was simple in form and he showed a moderate mixed dysphasia with perseveration, as well as a marked slurring dysarthria. He was markedly bradykinetic and muscle tone was increased in all limbs, having the characteristics both of extrapyramidal rigidity and spasticity. His facial expression was rather fixed, and vertical gaze restricted. His overall posture was one of flexion, particularly of the trunk, neck, elbows, and hips, and there were marked bilateral grasp and rooting reflexes. His tendon jerks were brisk throughout and plantar responses extensor. Myoclonic jerks occurred spontaneously and in response to stimuli, and will be described in detail below.
Investigation revealed a normal haemoglobin and white blood cell count, with an ESR of 42 mm/h. Serum urea and electrolytes, calcium, inorganic phosphate, and liver function were all normal. Skull and chest radiographs and ECG were within normal limits. CSF obtained by routine lumbar puncture showed no cells and a normal protein content. CSF 5-hydroxyindolacetic acid was 23.7 ng/ml (control: 32,6 ± 9.6 ng/ml (mean ± SD)) and CSF homovanillic acid was 26.7 ng/ml (control: 52.3 ± 30.4 ng/ml).
PROCEDURE
The electromyogram and electroencephalogram were recorded from various sites using surface electrodes. Signals were preamplified by Devices 3160 amplifiers and fed into a PDP 12 computer. Spontaneous myoclonic jerks were recorded using the programme PASTIME triggering the computer from the EMG of one of the muscles in order to observe events both before and after the trigger. Elicited jerks were recorded using the programme AV triggering the computer at the time of delivery of the stimulus. Data In part A, the jerk in the arm precedes that in the leg, while, in part B, the earliest activity in leg precedes that in the arm. Table 1 ). The same muscles in different limbs had a 6-8 ms jitter with respect to each other; this applied to the two arms, the two legs, or one arm and the ipsilateral leg. On average, one side of the body did not become active earlier than the other. The arms tended to precede the legs, but only by 5-6 ms (biceps with respect to biceps femoris), and in some jerks the legs preceded the arms. The cranial nerve musculature, at least that supplied by the lower cranial nerves, tended to precede the limbs ( Fig. 2 and Table 2 ). The cranial nerve nuclei seemed to be activated in ascending order.
EEG studies
The EEG showed predominant small amplitude intermediate slow and fast activity over both hemispheres without any definite alpha rhythm. There were very frequent spikes, often doublets or triplets, followed by slow waves. The spikes were usually triphasic, with successive positive, negative and positive waves (Figs. 2-5); they were generalised in distribution with slightly higher amplitude at the vertex (Fig. 3) . The spikes were usually, but not always, associated with the myoclonic jerks; there was a marked variation in the timing of the spike (measured at the beginning of the initial positive component) and the onset of the EMG activity. Activity of the lower cranial nerve musculature (sternocleidomastoid and trapezius), but not of the upper cranial nerve musculature (orbicularis oris and masseter), usually preceded the cortical spike (Table 2) . Even the activity of the leg muscles preceded the cortical spikes at times. The failure of the EEG spikes to be tightly time-locked to the EMG discharges was illustrated by the effect of Muscle stretch A tendon hammer, incorporating a triggering device, was used in the usual clinical manner to stretch the finger flexors, biceps, triceps, and toe (and foot) plantar flexors. The resulting EMG responses correlated with the visible myoclonic jerks evoked and were similar in appearance to those seen with the spontaneous jerks.
Single responses to taps to the toes were studied extensively (Fig. 5) . The EMG activity elicited with this stimulus was most prominent in the ipsilateral lower leg, but was usually seen in the upper leg as well. A larger amplitude of EMG activity in flexor muscles (similar to spontaneous jerks) correlated with the clinical appearance of flexion at hip and knee and dorsiflexion at the ankle. Activity was frequently seen in the opposite leg and sometimes in the ipsilateral arm, but this latter response was so erratic that it was uncertain whether it was part of the myoclonic jerk being studied. The latency of response from the stimulus to the individual muscles was markedly variable with a jitter of 9 to 13 ms ( Table 3) . The jitter of a muscle to its antagonist was about 3 ms, the jitter to another muscle in the same limb was about 5 ms, and the jitter to the same muscle in the opposite limb about 9 ms. All these values were similar to those obtained with the spontaneous jerks. Within the same limb the average time of onset of the EMG varied with the distance from the neuraxis; 'conduction times' from one muscle to another could be derived and were generally similar to those found for spontaneous jerks (Table 1) . Only averaged data were available for the myoclonic jerks produced by taps to the fingers (Fig. 6a ). Responses were seen only in the biceps and finger flexors of the limb being stimulated. Derived conduction time between these two muscles was similar to that obtained by other methods (Table 1) and latencies of response were similar to those obtained by mixed nerve stimulation (see below and Table 3 ).
Mixed nerve stimulation Direct electrical stimulation of the median nerve at the wrist or elbow was a very effective stimulus for myoclonic jerks, whereas stimulation of the posterior tibial nerve at the ankle gave inconsistent responses. As with spontaneous jerks and those produced by muscle stretch, the electromyographic correlate of the myoclonus was a large, relatively synchronous burst of activity in the muscles. The results of stimulation of the median nerve at the wrist were studied in detail (Fig. 7) . In the figure, there are three responses in abductor pollicis brevis. The first is the direct muscle response (M response) to the nerve stimulation, which has overloaded the amplifier at the gain employed. This is followed by the F wave. Last, corresponding in time with activity in the other muscles, is the myoclonic burst of activity. The myoclonus was widespread with a regular response in all the muscles of the same arm and usually in the ipsilateral leg. The latency of response (Table 3) in the various muscles of the arm showed a variation of 4-8 ms and in the leg of 11-15 ms. The jitter of various muscle pairs with respect to each other and the 'motor conduction times' found by considering onset of activity for muscles within the same limb (Table 1) Fig. 6 Myoclonic responses to finger tap (sudden extension of thefingers). The records, which are averages of 64 trials, are taken from biceps (BIC),fingerflexors (FF), and abductor pollicis brevis (APB). Part A is the control, part B is after the administration ofclonazepam, andpart C is after the administration of5-HTP (see text for details). Because APB showed no averaged myoclonic activity even on the control run, it is not illustrated in parts B and C. Note in the control record the initial burst ofactivity at tendon jerk latency in finger flexors, which is followed by the myoclonic burst. After clonazepam, the tendon jerk is unaffected, but the myoclonic burst is absent or reduced. After 5-HTP, the tendon jerk is enhanced, but the myoclonic burst is reduced. (Fig. 6b and 9b ).
5-Hydroxytryptophan (5-HTP)
The patient was given an intravenous infusion of 150 mg 5-HTP in 500 ml of normal saline over two hours.
At the end of the infusion the myoclonus had disappeared and was still absent five hours later at the time of physiological testing. The patient was nauseated, depressed, and rather drowsy, but was easily Fig. 8 A comparison of the response to mixed digital nerve stimulation. Electromyographic records, which are averages of 128 trials, are taken from biceps,fingerflexors (F. flex.) and abductor pollicis brevis (APB). In part A, the median nerve was stimulated at the wrist with 67 Vfor 100 us, which was below thresholdfor a direct motor response inl APB. In part B the middle finger was stimulated with 90 Vfor 100 ,s utilising ring electrodes. was jitter of one muscle with respect to another. The further distal a muscle was from another, the greater was the jitter. The phenomenon probably reflects the nature of the supraspinal organisation of the myoclonus-for example, variable spread in a complex polysynaptic network-since the signal sent to the spinal cord is powerful, producing absolutely stereotyped and almost synchronous firing of each muscle.
The times required for the neural signals to traverse peripheral motor nerves from point to point have already been noted ( Table 1 ). The data from the myoclonic jerks gave values similar but slightly slower than those obtained with direct electrical stimulation. This and other data can also be used to make some deductions for approximate conduction times in central pathways mediating the myoclonus (Table 4) .
The time from biceps to the cervical spinal cord can be estimated from the time for the monosynaptic tendon jerk (15 ms). Half of this time, about 8 ms, was needed for the signal to go one way. The same time can be deduced and confirmed from other observations including the finger flexor monosynaptic stretch and the F wave in abductor pollicis brevis, knowing the motor conduction delay from biceps to those muscles. In similar fashion, the time from biceps femoris to the lumbar spinal cord can be estimated from the latency of the quadriceps tendon jerk, assuming quadriceps and biceps femoris are about equally distant from the cord (as seems to be the case; see, for example, Table 3 ). The tendon jerk latency was 25 ms, which implies that the time from biceps femoris to the cord was about 13 ms. Similar values can be calculated from the timing of the H reflex or the ankle jerk.
At least for the purpose of computing latencies, we can define a site in the central nervous system, M, So it must take about 2 ms (7 ms-5 ms) for the myoclonus signal to go from the cervical cord to the lumbar cord. Thus, the efferent conduction velocity for the myoclonic signal in the spinal cord is rapid, suggesting that the signal travels in a strongly influential, rapidly conducting oligosynaptic pathway.
The time that the afferent signal takes to traverse the spinal cord can be deduced from the difference in timing between jerks in the legs produced by stimulation of the arms and that produced by stimulation of the legs. The biceps femoris latency was 74 ms after toe taps and 44 ms after median nerve stimulation at the wrist (Table 3) (Table 3) . Another explanation would be that it takes longer for afferent signals to be processed in M if they are from the legs than if they are from the arms.
Considering the cranial nerve musculature, the 11th nerve nucleus (trapezius and sternocleidomastoid) was activated first, followed by the 7th nerve nucleus (orbicularis oris) 10 ms later, and the 5th nerve nucleus (masseter) 19 ms later. Thus the signal producing the myoclonus seemed to travel (rather slowly) up the brain stem.
The appearance of the EMG burst in trapezius and sternocleidomastoid was the earliest electrophysiological event detectable in a myoclonic jerk. Taking half of the 8 ms required for the monosynaptic stretch reflex in sternocleidomastoid gives 4 ms for the time from the 11th cranial nerve nucleus to its muscles. Recalling that biceps was 8 ms removed from the cervical cord (Table 4) and that the 11th nerve musculature preceded biceps by 8 ms ( 4. Activation of cranial nerves was upward and the earliest event in the jerk could be localised in the medulla.
5. The critical stimulation for producing the myoclonus was muscle stretch.
6. The myoclonus was responsive to 5-HTP and clonazepam.
The first four characteristics point to a type of myoclonus mediated in the lower brain stem and probably in the reticular formation. Halliday (1975) has recently summarised the literature suggesting that the reticular formation may play an important role in myoclonus. The spinobulbospinal reflex, best studied in the cat, has tentatively been identified in man and is the only known long latency reflex mediated in the reticular formation (Shimamura et al., 1964; MeierEwert et al., 1972) . The myoclonus in our patient, however, cannot be identified with that spinobulbospinal reflex, as the latter is characterised by fast afferent cord conduction and slow efferent cord conduction velocity. Rapid oligosynaptic pathways are known to originate in reticular formation and these must be involved in the kind of myoclonus under discussion here.
Other patients, with similar characteristics, have now been identified and we refer to this group as the 'reticular reflex myoclonus' type. They are contrasted with another group of patients who share the hypersynchronous EMG appearance of the myoclonus. In these patients the jerks are restricted to the area of stimulus, they have large sensory evoked potentials and the EEG correlate of the myoclonic jerk is a time-locked fragment of the sensory evoked potential. We refer to this group as the 'cortical loop reflex' type, as this seems to be the underlying mechanism. Details of the other patients will be reported elsewhere.
The fifth point in the above list characterising the present patient concerns the critical stimulus foi the reflex myoclonus. As in the patient of Dawson (1947) , stretch was the critical stimulus and simple touch was ineffective. On the other hand, for the patient of Sutton and Mayer (1974) , touch was the critical stimulus and pure stretch was ineffective. We must conclude that both phenomena are possible, but then ask how this feature helps in the separation of different types of myoclonus. Theoretically, identification of the critical stimulus should help in identifying the reflex which has become deranged in producing the myoclonus. Practically, this does not seem useful yet, partly because the critical stimuli for the known long latency reflexes have not been well established. Additionally, even though both the present patient and Dawson's patient require stretch to produce the myoclonus, the present patient falls into the category of reticular reflex myoclonus while Dawson's patient would most probably be in the category of cortical loop reflex myoclonus. The patient of Sutton and Mayer would also most probably be in the cortical loop reflex category, yet the critical stimulus differs from that of Dawson's patient. These facts, together with the analysis of our other patients, suggest that critical stimulus is not a feature that separates the two identified categories. It may be, however, necessary eventually to subdivide these categories.
The excellent response of this patient's myoclonus to 5-HTP and clonazepam is shown by other patients with the physiological characteristics of the reticular reflex type of myoclonus (Chadwick et al., 1976 ). In such patients there is biochemical evidence that the myoclonus is related to a relative deficiency of brain serotonin (5-HT) and that the therapeutic effects of 5-HTP and clonazepam may be mediated by their action on 5-HT metabolism. In man the highest concentrations of 5-HT are found in the midbrain and medulla (Gottfries et al., 1974) . Thus, the physiological and biochemical data are complementary in implicating brain-stem structures in the myoclonus of these patients. It is likely that the unknown reflex mediating the myoclonus is usually inhibited by the action of 5-HT systems of neurones.
